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SUMMARY

The effects of changing indentation design Mach number on the aero-

dynamic characteristics of a 45 ° sweptback-wing--body combination designed

for high performance have been investigated at Mach numbers from 0.80 to

1.13 in the Langley 8-foot transonic tunnel and at a Mach number of 1.43

in the Langley 8-foot transonic pressure tunnel. The Reynolds number

of the investigation covered the range from approximately 2. 5 x 106

to approximately 3.0 x 106 based on the mean aerodynamic chord of the

wing. The 45 ° sweptback wing with camber and a thickened root was tested

at 0o angle of incidence on an unindented body and on bodies indented

for Mach numbers M of 1.0, 1.2, and 1.4. Transonic and supersonic

area rules were used in the design of the indented bodies. Theoretical

zero-lift wave drag was calculated for these wing-body combinations. A

-2 ° angle of incidence of the wing, and M = 1.4 revised body indenta-

tion, and fixed transition also were investigated.

Experimental values of zero-lift wave drag for the indented-body

combinations followed closely the area-rule concept in that the lowest

zero-lift wave-drag coefficient was obtained at or near the Mach number

for which the body of the combination was designed. Theoretical values

of zero-lift wave drag were considered to be in good agreement with the

experimental results. At a given supersonic Math number the highest

values of maximum lift-drag ratio for the various combinations also were

obtained at or near the Mach number for which the body of the combination

was designed. At Mach numbers of 1.0, 1.2, and 1.43, the maximum lift-

drag ratios were 15.3, 13.0, and 9.2, respectively. The use of an angle

of incidence of -2 ° for the wing in combination with the M = 1.2 body

increased the zero-lift wave drag and decreased the maximum lift-drag

ratio. All configurations maintained stable characteristics up to the

highest llft coefficient of the investigation (C L _ 0.9).

Supersedes recently declassified NACA RM L55J07, 1956.



INTRODUCTION

A suitable wing-body combination which will exhibit high values of
maximumlift-drag ratio at high subsonic speeds and lowest possible drag
at supersonic speeds at moderate lift cond::tions is of prime importance
in the design of airplanes capable of high subsonic cruise and supersonic
bursts. Manydetailed studies have been _Ldertaken with the purpose of
providing basic information for the design of such a high-performance
wing-body combination. The use of body indentation according to the
transonic area rule of reference i has res_ited in large reductions in
wave drag especially at a Machnumberof 1.0. A concept was developed
in reference 2 which also qualitatively interrelated the zero-lift wave
drag of wing-body combinations at moderate supersonic speeds with axial
distributions of cross-sectional areas. T_eoretical and experimental
studies of the application of the supersonic area rule to the reduction
of drag of unswept wings have been presented in such references as 3,
4, and 5.

The object of the present investigation was to determine the effect
of changing the indentation design Machnumber(that is, shaping the
bodies for several different Machnumbers) on the aerodynamic character-
istics of a sweptback-wingmbody combination designed to exhibit the type
of high performance desired for high subsonic cruise and supersonic
bursts. An unindented body and a series of indented bodies designed for
Machnumbersof 1.0, 1.2, and 1.4 were used. A 45° sweptbackwing was
especially designed for this investigation _o have high-performance
characteristics whenused in combination wi_h the various bodies and
also to have good pitching-moment and structural characteristics. This
wing was tested primarily at an angle of inzidence of 0°.

Other parts of the test program includ,_d the use of the wing at an
angle of incidence of -2° in combination wi_h the body indented for a
Machnumberof 1.2, a Machnumber1.4 revis_d body indentation, and
fixed transition on all configurations.
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SYMBOLS

b

c

mean-line designation, fraction of chord from leading edge

over which design load is uni_orm

wing span

wing chord measured parallel to plane of symmetry

mean aerodynamic chord measured parallel to plane of symmetry,

b/2

/" c2dy
S _ 0
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(L/D)ma x

Cm

Mach number

free-stream dynamic pressure, 21-_V2

total wing area

velocity in undisturbed stream

body station, distance from nose of body

angle of attack of body center line

angle of incidence of wing relative to body center line

mass density in undisturbed stream

llft coefficient, Lift/qS

lift-curve slope, averaged over a lift-coefficient range

from -0.05 to 0.3

drag coefficient, Drag/qS

drag coefficient at m = 0°

zero-lift drag coefficient, Zero-lift drag/qS

zero-lift drag coefficient at a given Mach number

zero-lift wave-drag coefficient, CDo M - CDoM=O.8

incremental zero-lift wave-drag coefficient,

- AC D )(2_D°fixed transition °natural transition

minimum drag coefficient, Minimum drag/qS

maximum lift-drag ratio

pitching-moment coefficient about 25 percent chord of mean

aerodynamic chord, Pitching moment/qS_



8Cm/8CL pitching-moment-curve slope, aw raged over a lift-coefficient
range from -0.05 to 0.3

roll angle of axis of tilt of Msch planes around the center
llne of the various configurations, zero whenMachplanes
cut in vertical direction

DESIGNOFWING-BODYCOMBINATIONS

Details of the wing-body combinations investigated are shown in
figure 1. The wing has 45° sweepbackof the 0.25-chord line, an aspect
ratio of 4j and a taper ratio of 0.15, and i_ camberedfor a design lift
coefficient of 0.2. At the root a streamwis_ NACA64A206, a = 0 air-
foil section was used. Streamwise NACA64A_J_, a = 0.8 (modified)
airfoil sections were used from 50-percent semispan to the tip as shown
in figure 1. Straight-llne elements were used in fairing the wing
sections from the root to 50-percent semispar. The ordinates of the
wing sections are listed in table I. The wizg, constructed of steel,
was mounted in a midwing position on a sting-supported body for all test
configurations.
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Wing

The wing of the combinations has been de._igned to have low drag

associated with lift at subsonic and moderate supersonic speeds, low

wave drag when used with an indented body for a range of transonic and

moderate supersonic speeds, relatively good p_tching-moment character-

istics, and good structural characteristics.

The quarter-chord line was swept back in order to have low drag

associated with lift and also to have high effectiveness of indentation

by insuring that the leading edge would be swept behind Mach lines at

moderate supersonic speeds. In a previous investigation (ref. 2), a

60° sweptback wing was designed on the same basic assumptions. This

60 ° sweptback wing 3 however, exhibited extremely unfavorable pitching-

moment characteristics which, to date, have no_ been alleviated suffi-

ciently to make it a practical airplane compon._nt. The sweepback of the

present wing, therefore, was limited to 45 ° to assure more favorable

pitching-moment characteristics. It has been :i.ndicated in reference 2

that, for obtaining smooth area distributions _nd reductions in wave

drag at supersonic speeds, the body for the be_t wing-body compromise

should be indented and the wing thickness ratic should be decreased from

the root outboard. Consequently, the thlcknes_ ratio of the present wing

varies from 6 percent at the root to 3 percent from the mldsemlspan to
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the tip. This taper in thickness also permits better structural design

of the wing. Other studies of the effect of thickness ratio have been

presented in references 6 and 7. The taper ratio of 0.15 was selected

to reduce the severity of pitch-up tendency at lifting conditions (see

ref. 8) and also to improve the structural characteristics of the wing.

An aspect ratio of 4 was considered a suitable compromise for obtaining

high llft-drag ratios and high-performance characteristics at transonic

speeds. Generally, camber has been shown to improve subsonic and super-

sonic performance. (See refs. 9, i0, and ii.) The entire chords in the

present wing were cambered since it has been found that this method is

highly effective in improving the lift-drag ratio. A mean line of a = 0

was used at the root so that the camber near the leading edge when used

in combination with an indented body could take better advantage of the

upflow around the body. It was believed that the leading edge of the

wing could be lined up better with the streamlines in the upflow than

for a symmetrical airfoil section. In this manner, the strength of the

compression shock on the lower surface at the leading edge of the wing

would be weaker, a peak pressure on the upper surface at the leading edge

with its accomp_anying adverse pressure gradient would be less evident,

and laminar flow in the boundary layer on the upper surface would be

extended in a chordwise direction - all tending to produce a lower drag

at moderate lifting conditions. A mean line of a = 0.8 (modified) was

used for the outboard sections in order to maintain a more uniform dis-

tribution of load both spanwise and chordwise.

As has been stated previously, the wing was tested primarily at an

angle of incidence of 0°. In one instance, however, the wing was tested

at an angle of incidence of -2° in combination with an indented body.

An improvement in the drag characteristics of a similar wing-body config-

uration has been reported in reference ii. For these configurations,

when the wing was at an angle of attack of 0°, the body was inclined at

an angle of attack of 2° . In the present investigation it was assumed

that the inboard stations of the cambered wing would operate in an

increased upflow around the body compared with the configurations with

an angle of incidence of 0°, and it was believed that these inboard

sections would develop an additional lift without a penalty in drag.

It was anticipated, also, that a slight increase in lift would be realized

from the body itself. In this manner, higher values of (L/D)max were

expected for the configurations with an angle of incidence of -2° than

were obtained from the configurations with an angle of incidence of 0°.

Body

The unindented, original-body shape used as a basis of comparison

for the indented configurations is the same as the body used in refer-

ence 2. This body was obtained by cutting off the rear 21.2 percent of

a Sears-Haack body. (See ref. 12.) For the present tests this body
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was made 35.3 inches long by extending the tail end of the original body

3.6 inches rearward by using Sears-Haack bod_ _ ordinates. The ordinates

for this 35.3-1nch body, referred to as the tasic body, and the 31.7-inch

original body, are shown in table II. The rstio of basic-body maximum

frontal area to total wing planform area was 0.040, which places the

model in the category of present-day bombers.

The outer portion of the body was made cf detachable, wood impreg-

nated plastic so that any type of body shape in the region of the wing

could be investigated. In order to provide sufficient body cross section

to allow for lO0-percent compensation of the average area of the wing for

Mach plane cuts at M = 1.2, the maximum diameter of the basic body was

increased from 3.212 to 3.296 inches. This unlndented, slightly larger

diameter body, referred to as the modified boly, was indented axially

symmetrical to obtain relatively smooth area listributions at Mach numbers

of 1.O, 1.2, and 1.4. The contour for the M = 1.0 body was 95 percent

of the full indentation specified by the transonic area rule. This

limitation was imposed by the basic structure of the test model. It is

believed that the difference in results for a 95-percent and a lO0-percent

M = 1.O indentation would be small. This boly will be referred to simply

as the M = 1.O body. As is stated in reference 13 for radially sym-

metrical modifications, the area used for the approximate optimum inden-

tation for any particular supersonic Mach num!)er is obtained by averaging

the frontal projection of wing areas cut by M_ch planes at all angles of

roll 8 of the Mach planes with respect to the configuration. For sym-

metrical models, only the average areas between 0° and 90 ° have to be

considered. For the present investigation, areas for 0 °, 45 ° , and 90 °

were averaged by giving a weight of 1 to the .3° and 90o cuts and a weight

of 2 to the 45 ° cut. Indentations for Mach n_nbers of 1.2 and 1.4 com-

pensated for the wing areas in full. The resllting area distributions

for the respective design Mach numbers were the same as the normal cross-

sectional area distribution of the modified b.>dy. The indentations used

removed about 20 percent of the volume of the basic body shape. Repre-

sentative axial distributions of cross-sectio:ml area for these configu-

rations are shown in figures 2, 3, 4, and 5 f_r roll angles 8 of 0O,

45o3 and 900 at Mach numbers of 1.0, 1.2, and 1.4.

Another M = 1.4 indentation was develo?_d which will be referred

to as the M = 1.4 revised body. This inden_ation was developed from

a body that was shaped slightly different fron the modified body, as

shown in figure 6, so that the effect of a ty]_ of partial M = 1.4

indentation in combination with the 45 ° sweptl_ack wing could be investi-

gated. In particular, it was desired to dete]_nine whether the partial

indentation would improve the wave drag over _ wide speed range, that

is, at off-design Mach numbers, and at the sazle time maintain the improve-

ment in drag obtained by the regular indentatJ on at its design Mach number.

The M = 1.4 revised indentation was approximately 85 percent as deep

as the regular M = 1.4 body indentation. 0]xlinates for all the body
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contours are given in table II. Errors between these design ordinates

and those obtained from measurements of the completed models were not

greater than 1 percent and in most cases were much less.

APPARATUS, MEASUREMENTS, AND ACCURACY

qhe investigation was conducted in the Langley 8-foot transonic

tunnel and the Langley 8-foot transonic pressure tunnel. In the former

facility, the slotted-test-section Mach number can be varied contin-

uously from about 0.2 to 1.14. All data presented from this tunnel are

essentially free of the effect§ of wall-reflected disturbances, except

where noted for a Mach number of 1.13. In the latter facility, nozzle

blocks were placed in the slots of the test section to produce a test

section in which the Mach number is 1.43. The design of these nozzle
blocks has been described in reference 14. The models mounted on an

internal strain-gage balance were sting supported in the usual manner

in the tunnels.

Lift, drag, and pitching moment were determined by means of the

internal straln-gage balance. The pitching moments were taken about

the 0.25 chord of the mean aerodynamic chord. The coefficients of these

forces and moments are estimated to be accurate within the following

limits: for CL, -+O.01; for CDo , -+0.0005; and for Cm, ±0.002. These

limits include the effect of possible errors in the measurements of

angle of attack. The force and moment results also have been adjusted

to the condition of stream static pressure on the base of the body.

Model angle of attack was measured by means of a fixed-pendulum

strain-gage unit mounted in the nose of the body. Angles of attack

are estimated to be accurate within ±0.10 °. An attempt was made to

maintain the models aerodynamically smooth throughout the investigation.

Photographs of the wing mounted on the basic body are presented as

figure 7.

Transition was fixed across the span of the wing at i0 percent of

the chord. It consisted of a roughness strip approximately 0.i0 inch

wide which was made by sprinkling carborundum grains on an adhesive

agent sprayed on the wing. The grain size, density, and application of

the strip were carefully controlled. Transition was fixed around the

body at i0 percent of the body length in the same manner used for the

wing. For all the wing-body combinations tested at Mach numbers from

0.80 to 1.43, a medium density (30 grains per inch) of No. 120 carbo-

rundum grain was used in the transition strip. Photographs of the

wing mounted on an indented body with transition fixed on both wing

and body are presented as figure 8.
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TESTS

The following tests were made for a Mach number range from 0.80 to

1.13 in the Langley 8-foot transonic tunnel, and the average Reynolds

number varied from 2.56 x 106 to 2.90 × 106 based on a mean-aerodynamic-

chord length of 8.42 inches:

Configuration

Original body .......

Basic body ........

Modified body .......

Wing with basic body

Wing with

Wing with

Wing with

Wing with

Wing with

revised

Wing with

Wing with

Wing with

Wing with

Wing with

modified body .

M = 1.0 body

M = 1.2 body

M = 1.4 body
M =1.4

body ......

M = 1.2 body

basic body

M = 1.0 body

M = 1.2 body

M = 1.4 body

Wing angle

of incidence,

iw, deg

0 -2 to

-2 to

-2 to

-2 to

-2 to

0 to

-2 to

-2 to

-2 to

-.2 to

• 0

0

0

0

0

-2

0

0

0

0

of attack, Transition

_, deg

0 Natural

0 to 12

0

approx. 6

0

approx. 6

approx. 6

approx. 6

approx. 6

approx. 8

approx. 6

approx. 6

approx. 6

approx. 6

Natural

Natural

Natural

Natural

Natural

Natural

Natural

Natural

Natural

Fixed

Fixed

Fixed

Fixed
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The following tests were made at a Mach number of 1.43 in the

Langley 8-foot transonic pressure tunnel, ani the average Reynolds number

was 2.83 x 106 based on a mean-aerodynamlc-ccord length of 8.42 inches:

Configuration

Basic body ........

Wing with basic body

Wing angle

of incidence,

iw, deg

0

Angle

of attack,

_, deg

0 to

-2 to

Wing with M = 1.0 body

Wing with M = 1.2 body

Wing with M = 1.4 body . .

Wing with basic body

Wing with M = 1.0 body

Wing with M = 1.2 body.
Wing with M = 1.4 body

Wing with M = 1.4

revised body ......

0
0

0

0

0
0

0

--_ to

--_ to

-__ to

-__ to

--_ to

-2 to

-2 to

-2 to

approx.

approx.

approx.

approx.

approx.

approx.

approx.

approx.

Transition

12 Natural

i0 Natural

ii Natural

ii Natural

i0 Natural

ii Fixed

ii Fixed

ii Fixed

i0 Fixed

1] Fixed
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RESULTS AND DISCUSSION

Bodies

Basic aerod_namlc data.- The variations of llft, drag, and pltching-

moment coefficients with angle of attack for the basic body for the vari-

ous test Mach numbers are presented in figure 9- The coefficients are

based on a wing area of 1.408 square feet.

Drag characteristics.- The variation with Mach number of the drag

coefficient based on wing area at zero angle of attack for the three

bodies tested (original, basic, and modified) is presented in figure i0.

Between Mach numbers of 1.13 and 1.43, the curves are interpolated, since

test data were not obtained in this range. These data indicate that the

lowest level of drag coefficient at all Mach numbers was obtained for the

basic body. This was expected since this body had the highest fineness

ratio (ii.0) of those tested. Very little difference between the drag

coefficients for all the bodies was observed up to a Mach number of 1.03.

This difference was of the order of a drag coefficient of 0.0002 which

is within the accuracy of test measurements.

Of interest at M = 1.13 is the difference in drag coefficient

between the original and basic bodies. This difference (approximately

0.0006) indicates that the drag coefficient for the basic and modified

bodies is lower than should be expected on the basis of the drag coeffi-

cients at M = i.O and 1.03. A study of the tunnel-boundary-reflection
interference for these two bodies indicated that wave reflections were

impinging on the afterbody of the basic and modified bodies at a Mach

number of 1.13. This was a direct result of increasing the length of the

bodies from the original body length of 31.70 inches to the basic and

modified body length of 55.30 inches.

Systematic Series of Wing-Body Combinations

Basic aerod_namlc data.- The variations with lift coefficient of

angle of attack, drag coefficient, and pitchlng-moment coefficient for

the wlng-body configurations investigated at Mach numbers from 0.80 to

1.43 are presented in figures ll and 12. The coefficients are based on

a wing area of 1.408 square feet. The symbol at the intersection of

the zero lines on these figures is for the purpose of Mach number

identification.

Dra6 characteristics.- The wing was investigated in combination with

the basic and modified bodies at an angle of attack of 0°. In figure 13,

it is shown that the modified body combination has a slightly higher drag

coefficient level (approximately 0.0003) as a result of its slightly lower
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fineness ratio. The drag coefficients at M = 1.13 have been adjusted
upward by 0.0006 to allow for the tunnel-boundary-reflection interference
discussed previously. The zero-llft wave drag of the two combinations
Is essentially the sameover the Machnumberrange for which data are
available. Curves between Machnumbersof 1.13 and 1.43 are interpolated
since test points were not taken In this range.

The variation with Machnumberof drag ccefflclent at llft coeffi-
cients of O, 0.2, and 0.4 for the combinations of the wing with the basic
body and bodies indented for Machnumbersof 1.0, 1.2, and 1.4 is pre-
sented in figure 14. The data have not been _djusted for tunnel-boundary-
reflection interference. These drag coefficient results indicate that
the subsonic level of zero-llft drag coefficient for the basic body com-
bination was 0.009; body indentation was effective in reducing the zero-
lift drag coefficients at Machnumbersabove ¢.99; and these reductions
in zero-llft drag, obtained by indenting the body for the various design
Machnumbers, were maintained at lift coefficlents at least up to 0.4
throughout the test Machnumberrange.

In figure 19, all the zero-lift drag coefficient data for the wing-
body combinations tested have been adjusted u_wardby an increment In
zero-llft drag coefficient of 0.0006 for tunnel boundary interference
at M = 1.13. Also included in figure 19 are the zero-llft drag coeffi-
cients which would have been obtained for the basic body combination if
the size of the basic body had been decreased by a first-approximation
method to have the samevolume as that of the indented bodies. In thls
method the skin friction of the body was reduced in proportion to the
square root of the volume ratio. The wave drsg of the body was reduced
In proportion to the square of the volume ratio. The increment In drag
between the adjusted and unadjusted drag of tke body was subtracted from
the drag of the wing-body combination to obtain the drag coefficient
which probably would have occurred if the basic body of the combination
had the samevolume as the indented bodies. Zhese data will be used as
the basis for the analysis of the zero-llft drag and wave-drag charac-
teristics in the remainder of thls report. T_e variation wlth Machnum-
ber of the minimumdrag coefficient for the verious combinations, as
shownin figure 16, is very _Imilar to the zelo-llft drag coefficient
variation. A value of 0.008 for the subsonic minimumdrag coefficient
was obtained for the basic wlng-body combination at a lift coefficient of
0.079 comparedwith a value of 0.009 for the zero-llft drag coefficient.
Whenthe indentation design Machnumberwas c_anged, the subsonic value
of CDmin increased approximately 0.0008.

The experimental values of zero-llft wave-drag coefficient shownIn
figure 17 were obtained from the difference between the zero-llft drag
at any particular higher Machnumberand the zero-llft drag at a Mach
numberof 0.80 where the drag Is due primarily to skln friction. These
values follow closely the area-rule concept ir that the lowest wave drag
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for the various combinations was obtained at or near the particular Mach
numberfor which the body of the combination was designed. The same
trend is exhibited by the theoretical values of zero-lift wave-drag coef-
ficient (indicated by the symbols) calculated for the various combinations
by the method of reference 3. These theoretical wave-drag computations
did not evaluate the effect of camberof the test wing. The theoretical
values, however, are considered to be in good agreement with the experi-
mental results. The use of indentation in combination with the wing

accounted for reductions in zero-lift wave drag ranging from 0.0058 at

a Mach number of 1.0 to 0.0028 at a Mach number of 1.43 when compared

with the basic body combination with the body volume adjusted to have

the same volume as the indented bodies. The percentage wave-drag reduc-

tions of the difference in zero-lift wave drag between the basic combi-

nation adjusted for volume and the basic body alone are in the range from

75 percent at M = 1.0 to 43 percent at M = 1.43 .

The maximum lift-drag ratio values shown in figure 18 for the basic

body combination compare favorably with those reported for a 60 ° sweptback

wing-body combination (ref. 2) also designed for obtaining high values

of (L/D)max and low wave-drag characteristics at transonic and super-

sonic speeds.

At a given supersonic speed the highest values of maximum lift-drag

ratio occurred at the Mach number for which the body indentations were

designed. These values of (L/D)ma x ranged from 15.3 at M = 1.0 to

9.2 at M = 1.43. The percentage increase in (L/D)max for the differ-

ent indentations was in the range from 35 percent at M = 1.0 to 8.2 per-

cent at M = 1.43. Even though data points were not taken between 1.13

and 1.43, it is believed that the interpolation of the curve between

these two points would not be a straight line but would be similar to

that shown in figure 18. It is reasonable, therefore, to expect that

(L/D)max would have a value of approximately 13 at M = 1.2 which

amounts to a 20-percent increase over the value for the basic body com-

bination. These improvements in (L/D)max were due primarily to decreases

in wave drag. The relative increase would have been slightly less if the

size of the basic body had been decreased to have the same volume as that

of the indented bodies. A complete airplane with empennage, external

stores, and protuberances will have maximum values of lift-drag ratio

somewhat below those measured for the wing-body combination.

The lift coefficients at which (L/D)max occurred for the various

combinations varied from approximately 0.23 at M = 0.80 to about 0.3

at M = 1.03 and then to a value of the order of 0.23 at M = 1.43.

This variation indicates that (L/D)max was obtained at very nearly the

wing design lift coefficient.
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A calculation of the skin-friction-drag coefficient by the method of
Van Driest (ref. 15) gives a value of 0.0096 for completely turbulent flow
at M = 0.8 for the basic body combination. Whenthis value is compared
with the experimentally obtained CDmin valu_ of 0.008 for the samebasic
body combinations at M = 0.8 with natural transition, it appears that
at least partial laminar flow existed in the low lift range for this
configuration. The fact that the values of (L/D)max are of the order of
20 at subsonic speeds also suggests the possisility of the existence of
somelaminar flow over the wing and body.

These considerations of the possible existence of laminar flow on
the configurations investigated with natural _ransition may lead to the
conclusion that the drag values for natural transition herein may not be
directly applicable to actual airplane configarations similar to those
tested. Less extensive laminar boundary and Ln most cases fully turbulent
flow exists on actual airplanes. In this connection, however, it should
be rememberedthat at the higher Reynolds numbersencountered in flight
the skln-frictlon-drag coefficient for the actual airplane mayapproach
the values for natural transition obtained du_ing the model tests in
the wind tunnel. The reduction in skin-frictAon drag associated with
the increase in Reynolds numberthat occurs i:l going from wind-tunnel
test to flight is in the right direction to _e the drag results of the
present report approximately what would be e_cted at flight conditions.

Lift characteristics.- The lift-curve slope as shown in figure 19

for the basic, M = 1.0j M = 1.2, and M = 1 4 body combinations was

averaged for a llft-coefficient range of approximately -0.05 to 0.3. At
Math numbers from 0.90 to 0.96 use of the various indentations reduced

the average lift-curve slope of the basic bo_r by about lO percent. At

supersonic speeds the slope was increased app_'oximately 8 percent by the

indentations. In generalj the most significant effect of changing inden-

tation design Mach number on the average lift-_curve slopes was a decrease

in the slopes of the indented combinations at M = 1.0 as the design
Mach number was increased.

Pitching-moment characteristics.- An ex_dnation of the variation

with llft coefficient of the pitching-moment coefficients for all config-

urations tested at all Mach numbers from 0.80 to 1.43, in figures ll(m)

to ll(p), indicates that the combinations we_ stable up to the highest

lift coefficients of the investigation (of th_ order of 0.5). On the

basis of past experience with sweptback wingsj it may be expected for the

wing of the present test that a region of reduced stability will be

encountered at higher lift coefficients up to high subsonic speeds. It

is believed, however, that design features of the present wing reduce

the probability of severe pitch-up. For the basic-body combination,

the aerodynamic center, as may be computed from figure 20, moved rapidly

rearward from 40 percent of the mean aerodynan_c chord at M _ 0.90
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to 51 percent of the mean aerodynamic chord at M = 0.96. At Mach numbers

from 0.80 to 1.08, the aerodynamic centers for the indented combinations

were farther forward than those for the basic wing-body combination as

shown by the variation of _CmlSC L with Mach number in figure 20. Between

Maeh numbers of 0.80 and 0.98, the aerodynamic centers moved rearward with

increase in indentation design Mach number but did not equal or exceed the

rearward travel for the basic wing-body combination. At supersonic speeds

the aerodynamic centers, in general, approached the same locations as for

the basic wing-body combination.

Angle of Incidence of -2 °

Dra_ characteristics.- The variation of drag characteristics with
Mach number for llft coefficients of O, 0.2, and 0.4j as affected by a

change in wing angle of incidence from 0° to -2 ° in combination with the

body indented for a Mach number of 1.2, is shown in figure 21. These

data indicate that the anticipated improvements in performance were not

obtained. The change in angle of incidence had an adverse effect on the

performance characteristics of the combination throughout the transonic

Mach number range. This adverse effect produced an increase in minimum-

drag coefficient (fig. 22) and zero-lift wave-drag coefficient (fig. 23)

and a decrease in the values of maximum lift-drag ratio (fig. 24).

Lift characteristics.- Changing the angle of incidence from 0° to

-2 ° for the wing on the body indented for a Mach number of 1.2 resulted

in a decrease in average lift-curve slope of about 4 percent (as shown

in fig. 25) throughout the Mach number range for which data were available.

Pitching-moment characteristics.- As indicated in figure 26, neither

the stability characteristics nor the aerodynamic centers of the wing-

body combinations were seriously affected by changing wing incidence

angle from 0° to -2 ° .

M = 1.4 Revised Body

The drag-coefficient results for the wing in combination with the

M = 1.4 and M = 1.4 revised bodies for lift coefficients of O, 0.2,

and 0.4 are shown in figure 27. The effect of the revision to the

M _ 1.4 body on the minimum drag coefficient, as shown in figure 28,

was small. The wave drag at off-design Mach numbers was not noticeably

improved. In the Mach number range (M _ 0.80 to 1.13) for which com-

parable data are available, it is indicated in figure 29 that the revision
to the M = 1.4 indentation resulted in a small increase in wave drag

at supersonic speeds comparable to the increase in cross-sectional area
between the M = 1.4 and M _ 1.4 revised bodies without adversely

affecting the wave drag at or near M = 1.O. The maximum cross-sectional
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area of the M = 1.4 revised body combinati_)n would be 5 percent greater

than for the regular M = 1.4 combination. (See fig. 6.) In the absence

of comparable data at M = 1.43, transition- _ixed data may be used to show

that at a Mach number of 1.43 the conclusion:; would be the same as at a

Mach number of 1.13. The effects of the M : 1.4 revised body were small

on the maximum lift-drag ratio, the lift-curye slope, and the pitching-

moment-curve slope shown in figures 30, 31, _LUd 32, respectively.

Transition

In the present investigation, it was de:;ired to determine whether

turbulence at supersonic speeds, as produced by a fixed transition strip,

would change the effect of indentation on th,_ wave-drag characteristics

of the sweptback-wing--body combinations tes;ed.

Drag characteristics.- The drag coefficients of the various wing-

body combinations tested with and without tr_msition are shown as a

function of Mach number in figure 33 for lif; coefficients of O, 0.2,

and 0.4. The effect of fixed transition on ;he zero-lift wave-drag coef-

ficients of the various wing-body combinations is shown in figure 34 for

Maeh numbers from 0.8 to 1.43. Except for t!le data at a Maeh number of

1.43, the results indicate that the changes _[ue to fixed transition were

small and, in general, were of the order of _ccuracy of the data. At a

Mach number of 1.43, however, the transition strip appeared to exert a

more or less noticeable influence on the inc::emental zero-lift wave drag.

As shown in figure 34, adding transitio_l to the basic body combina-

tion reduced the incremental zero-lift wave ,Lrag about 0.001_, whereas

for the M = 1.2 body combination it increa_;ed the incremental zero-

lift wave drag by about the same amount, 0.(_)15. The effects for the

M = 1.0 and M = 1.4 body combinations wer,_ within the accuracy of the

data. There is no apparent reason why the e_fect of transition on the

basic body combination was different from theft on the M = 1.2 body
combination.

In reference 16 it is indicated that un indented models and models

indented for a Mach number of 1.41 for an eli_iptical wing and tested

with natural transition did not show the drai_ reduction predicted by

theory. During the same investigation (ref. 16), in order to separate

the potential and viscous effects, transition-fixed tests were made.

These transition-fixed results showed that the experimental reduction

in wave drag brought about by the indentation agreed with that predicted

by theory. In the present investigation, th,._re is no consistent improve-

ment in the agreement of experiment with the_ry between the models tested.

Lift and pitchin6-moment characteristic:_.- The effect on the lift-

curve slope and pitching-moment-curve slope of fixing transition was

small throughout the test Mach number range, as shown in figures 35

and 56.
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CONCLUSIONS

The following conclusions have been made as a result of an investi-

gation to determine the effects of changing indentation design Mach num-

ber at transonic and moderate supersonic speeds on the aerodynamic char-

acteristics of a wing-body combination designed for high performance:

Systematic Series of Wing-Body Combinations

i. The experimental zero-lift wave-drag coefficient values followed

closely the area-rule concept in that the lowest zero-lift wave-drag

coefficient was obtained at or near the Mach number for which the body

of the combination was designed.

2. Theoretical values of zero-lift wave-drag coefficient for all

the wing-body combinations were considered to be in good agreement with

the experimental results.

3. At a given supersonic Mach number, the highest values of maximum

lift-drag ratio for the various combinations were obtained at or near

the specific Mach number for which the body of the combination was

tested. This was due primarily to decreases in the wave drag. At Mach

numbers of 1.0, 1.2, and 1.4, the maximum lift-drag ratios were 15.3,

13, and 9.2, respectively.

4. In general 3 the most significant effect of changing indentation

design Mach number on the lift-curve slopes occurred at a Mach number of

1.0 where the lift-curve slopes of the indented combinations decreased

as the indentation design Mach number increased.

5. All wing-body combinations exhibited linear stability character-

istics up to the highest lift coefficient of the investigation (CL _ 0.5).

-2 ° Angle of Incidence

i. Changing the wing angle of incidence from 0° to -2 ° resulted in

an adverse effect on the performance characteristics for the wing in

combination with the body indented for a Mach number of 1.2 throughout

the transonic Mach number range. The effect of the change in wing angle

of incidence on the lift and moment characteristics was small_ primarily,

the lift-curve slope was decreased slightly.
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M = 1.4 Revised Bo_y

i. At supersonic speeds, a small increas_ in zero-lift wave drag

comparable to the increase in cross-sectional area between the M = 1.4
and M = 1.4 revised bodies was obtained without an adverse effect on

the zero-lift wave drag at a Mach number of 1.0.

Transition

I. Consistent effects of fixing transiti]n on the zero-lift wave-

drag characteristics through the Maeh number range could not be obtained.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Field, Va., September 28, 1955.

L

i

6

9
8



2K

17

REFERENCES

i. Whltcomb, Richard T. : A Study of the Zero-Lift Drag-Rise Character-

istics of Wing-Body Combinations Near the Speed of Sound. NACA

Rep. 1273, 1956. (Supersedes NACA RM L52H08. )

2. Whitcomb, Richard T., and Sevier, John R., Jr. : A Supersonic Area

Rule and an Application to the Design of a Wing-Body Combination

With High Lift-Drag Ratios. NASA TR R-72, 1960. (Supersedes

NACA RM L53H31a. )

3. Holdaway, George H.: Comparison of Theoretical and Experimental

Zero-Lift Drag-Rise Characteristics of Wing-Body-Tail Combinations

Near the Speed of Sound. NACA RMA53HI7, 1953.

4. Holdaway, George H.: An Experimental Investigation of Reduction in

Transonic Drag Rise at Zero Lift by the Addition of Volume to the

Fuselage of a Wing-Body-Tail Configuration and a Comparison With

Theory. NACA RMA54F22, 1954.

5. Hoffman, Sherwood, Wolff, Austin L., and Faget, Maxime A.: Flight

Investigation of the Supersonic Area Rule for a Straight Wing-Body

Configuration at Mach Numbers Between 0.8 and 1.5. NACA RM L55C09,

1955.

6. Bielat, Ralph P., Harrison, Daniel E., and Coppolino, Domenic A.:

An Investigation at Transonic Speeds of the Effects of Thickness

Ratio and of Thickened Root Sections on the Aerodynamic Charac-

teristics of Wings With 47 ° Sweepback, Aspect Ratio 3.5, and Taper

Ratio 0.2 in the Slotted Test Section of the Langley 8-Foot High-

Speed Tunnel. NACA RM LSllO4a, 1951.

7. Carmel, Melvin M.: Transonic Wind-Tunnel Investigation of the Effects
of Aspect Ratio, Spanwise Variations in Section Thickness Ratio,

and a Body Indentation on the Aerodynamic Characteristics of a 45 °

Sweptback Wing-Body Combination. NACA RM L52L26b, 1953.

8. Morgan, Francis G., Jr., and Carmel, Melvin M.: Transonic Wind-Tunnel

Investigation of the Effects of Taper Ratio, Body Indentation,

Fixed Transition, and Afterbody Shape on the Aerodynamic Charac-

teristics of a 45 ° Sweptback Wing-Body Combination. NACA RM L54A153

1954.

9. Harrison, Daniel E.: A Transonic Wind-Tunnel Investigation of the

Characteristics of a Twisted and CamBered 45 ° Sweptback Wing-

Fuselage Configuration. NACA RM L52K18, 1952.



18

i0. Harrison, Daniel E. : The Influence of _ Change in Body Shape on the

Effects of Twist and Camber As Deter_rned by a Transonic Wind-

Tunnel Investigation of a 45 ° Sweptba_k Wing-Fuselage Configura-

tion. NACA RM L53B03, 1953.

ll. Cooper, J. Lawrence: A Transonic Wind-Tunnel Investigation of the

Effects of Twist and Camber With and Without Incidence, Twist, and

Body Indentation on the Aerodynamic _laracterlstics of a 45 ° Swept-

back Wing-Body Configuration. NACA _L54B15, 1954.

12. Sears, William R.: On Projectiles of M:.nimum Wave Drag. Quarterly

Appl. Math., vol. IV, no. 4, Jan. 194_, pp. 361-366.

13. Jones, Robert T.: Theory of Wing-Body ;)rag at Supersonic Speeds.

NACA Rep. 1284, 1956. (Supersedes NACA RM A53H18a.)

14. Matthews, Clarence W.: An Investigation of the Adaptation of a

Transonic Slotted Tunnel to Supersonic Operation by Enclosing the

Slots With Fairings. NACA RM L55H15, 1955.

15. Van Driest, E. R.: Turbulent Boundary ;_yer in Compressible Fluids.

,our. Aero. Sci., vol. 18, no. 3, Mar. 1951, pp. 145-160, 216.

16. Lomax, Harvard, and Heaslet, Max. A.: _ Special Method for Finding

Body Distortions That Reduce the Wave Drag of Wing and Body Combi-

nations at Supersonic Speeds. NACA R_p. 1282, 1956. (Supersedes

NACA RMA55B16.)

L

1

6

9
8



19

IG

P_

itl ._ .

_0 _ 0

U_

O_

0 4J

0

3_
cc

o 4_

o d_d, h_

I_ ell

o ooJ
._ .-I¢O

_o_

3_

oa

........ '9._. _ . . .'9. _. .
o i i i i I I I i i i i i i

H o,J oj l,ox _ _- _J- _-

0 i i i i i i i i i I I i i i

_ IP_ GI MC) ,-4 OO _ OJ t'Px I_:) LE_ O ',,D O OJ

o ..... A4_cGE_.Z_GE, A " "

OJ--_ _ 00 04 _P_ O,J O0 I'P__- _ H____ _ g S _8o _ -__ "' _-,,-,,._ooo

040.] Lr_ tF,, O 0.J i'e_ GI t'-- _J- '::__,.o_ _ _ _ _-_ o _ ,_ ,_OJ_D

o .... _AcGo3_Z.Z_Z.:,,,:,EJA " "

0 I I I I I I I dHdHr-ldH I I I
I I I I I I I

_ I"-" O'_ O_CO GIOO ,--100 O.J ,-4 i_ f'¢_ W"_ ,-_

O _-4 ,-4 C4 Wh WAWA_ W_ WAOd _-_

i'M _r. IE_,kl:) OO C_ O..I _1- xDU_ ,--_ _t" [_- D'- ll_(MP-O] OJ (kli_ _'_ _:)

tl_ 12-- CM

o ._o_,oooooogog,--_ ,--I ff"_--ff- t."_.kD



2O

4_

='#

i :

c#

o

_0_0_0_o_0_0_0_0_0_0_0_ _o_o_0_0_0_o_oo_0ooo_

o

#.

_ _ '._ cO _- _,.V.D _D t.._aO ¢_ _ 0 0 ,_t ,__t ,_t e,l fix _ _ _

Ifx 0 _ 0 If_ o _ 0 i_ o _"_ 0 _ 0 _'_ o _r_ 0 i_ 0 _r,_ o

o "J J o] ,:.,i,g ,,:,4 -J 4_,dd 4 _-,:d,:g 44d d 4



21

I

,-I

bO
.r-I

b"

.r-I

•r-t _

-r"t

o
e_ i1)

o m

_ o
b.O.H
_ m

•,-I _

rJ_

4-_

I

-,-I



22

i

/

i

\

, \\

i /
/

/_ /" /

i

\\

\\

/

//

/

/

L,

V

\

_- 0

ea 0 _

/

/

/

/

/ ._I

(I",,/f

r" //, I
i

_',,'.× \
".y.\

(.o

\
\

/
/

I
I

\

\

\

f
Ļ
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(a) Front quarter.
I_-86288

(b) Rear quarter. L'86287

Figure 7.- Photographs of the 45 ° sweptback wing in combination with the

basic body mounted in the Langley 8-foot transonic tunnel.
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(a) Front quarter. L-86572

•..... , • ....

(b) Rear quarter. L-86575

Figure 8.- Photographs of the 4_° sweptback wing in combination with an

indented body with transition fixed on both wing and body. Model is
mounted in the Langley 8-foot transonic turnlel.
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with M = 1.4 and M = 1.4 revised bodies. CL = 0, 0.2, and 0.4.



76

.02¢

.020

.016

CDmin .012

.OO8

/

Wing'body combinotion

M=I.4
M= 1.4 revised

f

.004

0
.8 .9 1.0 1.1 1.2 1.5 1.4

Mach numl:er, M

1.5

.4

CLCDmin .2

C
.8 .9 1.0

F-- -Interpolated. "1

I. I 1.2 1.5 1.4

Moch num[er, M

1.5

Figure 28.- Minimum drag characteristics and lift coefficient for

minimum drag of 4_ ° sweptback wing in combination with M = 1.4
and M = 1,4 revised bod{es.



7?

1.0
m

0
"0

x

i

0

°_

(/)
t'-

e

S

s

o __

It II II
0

!

¢--

/

/

?
I
I

I

I
I
I
I
I
/
/

oo LO _" oJ
0 0 0 0
q q o. q

°aS)V '_ue!o!;Jeoo 5oJp

I

0 !
0

h

I Od

_1, '-

0

00

aAD M

0

o

.r-I

o

°<5

_._

0

rQ
0 -_I
LC_:>

o

_A
.r-I
4 _ rl
u'/

_4-_
_-_

!

d,
o,1

©

o,-t



78

2O

18

16

14

L/Dma x

12

I0

\

Wing-body combination

M=I.4
M= 1.4 revised

\

8

6
.8

.4

CL(L/D)mox. 2

0

.9 1.0 I.I 1.2 1.3 1.4 1.5

Mach number, M

<___ _l-Interpolated "1
! I

.8 .9 1.0 I.I 1.2 1.3 1.4 1.5

Moch nL.mber, M
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Figure 32.- Stability characteristics of the 45° sweptback wing in

combination with M = 1.4 and M = 1.4 revised bodies. CL = -0.05

to 0.3.
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Figure 35.- Average llft-curve-slope characteristics of the 45 ° swept-

back wing in combination with the basic and indented bodies with

natural transition and fixed transition on the wing and bodies.

CL = -0.05 to 0.3.
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Figure 36.- Stability characteristics of the 4_ ° sweptback wing in

combination with the basic and indented bodies with transition

natural and fixed on the wing and bodies. CL = -0.05 to 0.3.
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